We evaluate equal time point to point spatial correlation functions of mesonic currents at finite temperature. For this purpose we consider the QCD vacuum structure in terms of quark antiquark condensates and their fluctuations in terms of an irreducible four point structure of the vacuum. The temperature dependence of quark condensates is modeled using chiral perturbation theory for low temperatures and lattice QCD simulations near the critical temperature.We first consider the propagation of quarks in a condensate medium at finite temperature. We then determine the correlation functions in a hot medium. Parameters such as mass, coupling constant and threshold energy are deduced from the finite temperature correlators. We find that all of them decrease close to the critical temperature. PACS number(s): 12.38.Gc Typeset using REVT E X * Electronic address: varun@prl.ernet.in
I. INTRODUCTION
The structure of vacuum in Quantum Chromodynamics (QCD) is one of the most interesting question in strong interaction physics [1] . The evidence for quark and gluon condensates in vacuum is a reflection of its complex nature [2] . Determination of correlation functions [3, 4] of hadronic currents in such a vacuum state provides rich information regarding interquark interaction as a function of their spatial separation as well as on hadron spectroscopy. These are some of the nonperturbative feature of QCD and are of great value in understanding the ground state structure of the theory of strong interactions [3, 4] .
We have studied mesonic and baryonic current correlators at zero temperature with a non-trivial structure for the ground state with quark antiquark condensates [5, 6] . It was shown that the square of the quark propagator does not reproduce the correlation function for the pion deduced from phenomenology. In order to match the data it was necessary to introduce an irreducible four point structure for the quarks in the vacuum. This may be looked upon as an effective way of incorporating gluon condensate contribution to the correlator.
As is well known [7] the QCD vacuum state changes with temperature. Lattice monte carlo simulations suggest that chiral symmetry is restored around 150 MeV. In view of this the present note is aimed at looking at the behaviour of the meson correlation functions at finite temperature. This is of great interest in the context of behaviour of hadrons around the chiral phase transition associated with quark gluon plasma [8, 9] . It may be noted that there is little phenomenological information in this regime but there are several theoretical studies [10] essentially using sum rule methods. The main objective here is to employ a different nonperturbative approach developed by us [11] . This has been sucessful at zero temperature, and, its extension to finite temperature is therefore of interest. In particular,
we will obtain temperature dependence of masses, coupling constants and threshold energies for the pion and rho mesons.
We organise the paper as follows. In section II we discuss the quark condensate at finite temperature to fix the parameter appearing in the ansatz of the ground state of QCD. We then discuss in section III the quark propagation in the thermal vacuum. In section IV we calculate meson correlation functions at finite temperature. Finally we discuss the results in section V.
II. QUARK CONDENSATE AT FINITE TEMPERATURE
To calculate the correlators at finite temperature we need the expression for the equal time propagator for the interacting quark field operators. We have developed earlier [5] a vacuum structure in terms of quark antiquark condensates with a condensate function h(k).
The equal time propagator could then be calculated in terms of the condensate function [6] . One can generalise this to finite temperature using the method of thermofield dynamics.
Here the thermal average is obtained as an expectation value of the operator over the thermal vacuum [12] . This leads to
The thermal vacuum is obtained from the zero temperature vacuum by a thermal Bogoliubov transformation in an extended Hilbert space involving extra field operators (thermal doubling of operators) [12] . The functions Λ ± (Eq. 1) for the case of two flavour massless quarks, are given as(with k = | k|),
In the above h(k) is the condensate function [5, 6, 11] corresponding to the Bogoliubov transformation to include a condensate structure in the vacuum. The function θ is associated with the thermal Bogoliubov transformation and is related to the distribution function as
β being the inverse temperature. Further ǫ(k) is the single particle energy given as ǫ(k) =
In the presence of condensate the dynamical mass is given as m(k) = m + k tan 2h(k), m being a possible current quark mass [5] .
We had earlier taken a gaussian ansatz for the condensate function sin2h(k) = e −R 2 k 2 /2 .
In order to determine the parameter R, we had taken a value of R consistent with hadronic correlator phenomenology. We choose a similar structure for the condensate function at finite temperature namely sin2h(k) = e −R(T ) 2 k 2 /2 with R(T ) now being temperature dependent.
In order to determine R(T ) or equivalently the ratio S(T ) = R(T = 0)/R(T ), we first evaluate our expression of the order parameter (the condensate value) at finite temperature.
In terms of the dimensionless variable η = Rk, this is given as
where sin
, with z = β/R(T ) and ǫ(η) = η/ cos 2h(η).
We can obtain S(T ) = R(T = 0)/R(T ) if we know the temperature dependence of the order parameter on the left hand side of Eq.(4). As there are no phenomenological inputs for this, we shall consider the results from chiral perturbation theory (CHPT) which is expected to be valid at least for small temperatures. For higher temperatures near the critical temperature, lattice simulations seem to yield the universal behaviour [7] with a large correlation length associated with a second order phase transition for two flavor massless QCD. We shall use such a critical behaviour to consider the temperature dependence of the order parameter near the critical temperature.
We quote here the results of CHPT obtained by Gerber and Leutwyler [13] . The condensate ratio at temperatures small compared to the pion mass is given as
where the functions h are defined as
The constant c ≃ 0.9 and F π /F = 1.057 ± 0.012 with F π = 93MeV [13] . The constants a and b are related to the S-wave and D-wave π-π scattering lengths respectively [13] . Finally the functions H n (µ) are given as [14] 
We have extracted the temperature dependence of the condensate as in Eq. (5) for low temperatures. For temperatures close to T c , the critical behaviour is that of O(4) spin model in three dimension [15] and has also been seen in lattice QCD simulations [16] . The order parameter here is given as
β , where β = 0.39 [7] . We have taken T c = 150 MeV [7] . The two regions are joined smoothly and the result is shown in Fig. 1 
(a).
This result is fitted with Eq. (4) to determine S(T ) = R(0)/R(T ), which is plotted in Fig. 1(b) . We shall use it to calculate the quark propagator and the hadronic correlation functions.
III. QUARK PROPAGATION IN THERMAL VACUUM
In the calculation of correlators, quark propagators enter in a direct manner and hence it is instructive to study aspects of the interacting propagator in some detail [6] .
The equal time interacting quark Feynman propagator in the condensate vacuum is given
, which at finite temperature reduces to
where,
The free massive propagator, which can be derived from S( x, T ) by the substitutions sin 2f (k) = m q /ǫ and cos 2f (k) = k/ǫ, is given as
where
are the first and second order modified Bessel functions of the second kind respectively.
In Fig. 2 we plot the two components Tr S( x, T ) and Tr (γ ·x)S( x, T ) of the propagator for massless interacting quarks given by Eq. (9) at T = 0 MeV, T = 100 MeV and T = 135 MeV, corresponding to the chirality flip and non-flip components considered by Shuryak and Verbaarschot [17] . The normalisation is discussed in our earlier work [6] To compare with the constituent quark models with an effective constituent mass, we have also plotted the behaviour of free massive quark propagator with masses 100 MeV, 200 MeV and 300MeV. In the chirality flip part, the propagator in the condensate medium starts from zero, consistent with zero quark mass at small distances, attains a maximum value of about 250 MeV at a distance of about 0.9 fm and then falls off gradually. Further the interacting propagator overshoots the massive propagators after about 0.6 fm. We also see that with increasing temperature, the chirality flip component has a lower peak and the position of the peak shifts towards higher distances indicating the decrease of the dynamical mass with temperature.
In the chirality non flip part, the interacting propagator starts from 1, again consistent with the behaviour expected from asymptotic freedom. But at larger separation it falls rather fast indicative of an effective mass of the order of 150 MeV. These features are qualitatively similar to that of the quark propagator at zero temperature [6, 17] , though quantitatively there are differences. Also, the non-flip component falls faster with increase of temperature.
Clearly therefore, similar to the situation at zero temperature, whereas a constituent quark description is adequate to describe the behaviour of the chirality nonflip part of the propagator, it is not so for the chirality flip part.
IV. MESON CORRELATION FUNCTIONS
In our earlier work, we noted that phenomenology of correlation functions necessitated introduction of irreducible four point structure (or fluctuations of the condensate fields) in vacuum [11] . In fact, the meson correlation functions were different from square of the two point function (propagator) and the difference could be expressed in terms of the four point function. The expression of the meson correlation function at zero temperature defined in our earlier work [11] can be extended to finite temperatures as,
Where J(x) =ψ Thus, at finite temperature the correlator (Eq. 14) is now the square of the interacting equal time thermal propagator plus the four point contribution at finite temperature. The thermal quark propagator was obtained in the earlier section. We keep the structure of the fields Σ(x, T ) the same as for zero temperature [11] .
where the first term corresponds to vector fluctuations and the second to scalar. µ 1 and µ 2 in the above equations are dimensional parameters which give the strength of the fluctuations and φ k ( x) and φ( x) are vector and scalar fields such that, with |Ω as the ground state of QCD, we have
At finite temperature, the functions g V and g S will be temperature dependent. We do not know how to calculate it except for a general property that the effect of the four point structure should decrease with temperature. We take here a simple ansatz for the temperature dependence of g V and g S ,
Similar to calculations at zero temperature, we shall consider the ratio of the physical correlation function to that of massless noninteracting quarks at zero temperature given as
The normalised correlation functions thus defined as
are plotted in Figure 3 for the pseudoscalar and vector channels.
As expected (on physical grounds) the amplitude of the correlator decreases with increasing temperature. The peak of the vector correlator shifts towards the right after T = 0.9T c .
We might remind ourselves that the position of the peak of the correlator is inversely proportional to the mass of the particle in the relevant channel [4] .
The spatial hadronic correlators have been used to extract the hadronic screening masses and widths at finite temperature [9] . To extract the hadronic properties at finite temperature, we use a phenomenological parameterisation as is usually done in sum rule calculations [18, 19] . We may note here however, that the phenomenological inputs are not available at finite temperature. The correlators are parameterised with the mass, decay width and the coupling of the particle to the vacuum, all three parameters being temperature dependent.
We first express the correlator in terms of spectral density function.
Then we use the following phenomenological parameterisation for the spectral density function [18, 19] ,
where λ is the coupling of the bound state to the current, M is mass of the bound state and s 0 is the threshold for continuum contributions. The last term in Eq. (21) is the scattering term for soft thermal dissociations (mainly through pions), which exists only at finite temperature [18] . This term is given as
The derivation of the above expression is slightly tricky and we have given it in the appendix.
Following Ref. [18] we take S ρ ≈ T 2 9
.
The mass, threshold and coupling are then extracted such that the correlators as obtained from Eq. 20 agree with the normalised correlation functions as calculated by us (Fig. 3 ) [11] . This is done for each temperature. The results are plotted in Fig. 4 for the pseudoscalar channel and in Fig. 5 for the vector channel. The results are also shown in Table I .
V. SUMMARY AND CONCLUSIONS
As can be seen from Fig. 3 , with increase in temperature, the correlation functions have a lower peak indicating lack of correlations with temperature. In the vector channel the mass of the ρ meson appears to decrease beyond 120 MeV. The threshold for the continuum also decreases around the same temperature. The behaviour with temperature of these quantities is qualitatively similar to that found by Hatsuda et al [19] . We have also plotted the temperature dependence of the coupling of the boundstate to the current which decreases with temperature but rather slowly as compared to mass or the threshold for the continuum.
The temperature dependence of these parameters can be used to calculate the lepton pair production rate from ρ in the context of ultra relativistic heavy ion collision experiments to estimate vector meson mass shift in the medium.
In the pseudoscalar channel the mass remains almost constant till the critical temperature whereas the thershold and the coupling decrase with the temparature [20] . We may note here that in the pseudoscalar channel, the contribution to the correlation function mostly comes from the fluctuating fields and the temperature behaviour as taken in Eq. (18) essentially does not shift the position of the peak whereas the magnitude of the correlator decreases. That is reflected in the above behaviour of the parameters in the pseudoscalar channel. We may note here that similar behaviour of pion mass becoming almost insensitive to temperature below the critical temperature was also observed in Ref. [20] where correlation functions were calculated in a QCD motivated effective theory namely the Nambu-Jona Lasinio model.
We would like to add here that the present analysis will be valid for temperatures below the critical temperature. Above the critical temperature there have been calculations essentilly using finite temperature perturbative QCD in random phase approximations [21] .
However, in the region above T C , nonperurbative features have been seen to exist from studies in lattice QCD simulations [7] . In view of this, one possibly has to do a hard thermal loop calculation where a partial resummation is done [22] .
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APPENDIX A:
Here we shall derive the scattering term S ρ . This may be calculated by considering the imaginary part of the longitudinal correlator for space like four momenta and can be written
which is explicitly written as [24] 
Here
is the Bose distribution function for pions.
In general the expectation of a vector current with respect to a pion state is given as [23] 
where, p = k 1 − k 2 and G π (p) is the pion form factor with G π (0) = 1 Substituting this in Eq. (A3) and integrating over k 2 we obtain
with k 2 = p − k 1 . Next, since the delta function above contribute to space like (p 2 < 0) region we write it as
To simplify further, we may change the integration over three momentum k 1 to the integration over energy E 1 and the angle cos θ p, k . Performing the integration over angles restricts the lower limit of the enegry integral
Thus we have
with
We shall consider the longitudinal form factor S ρ (ω, p) in a frame which is at rest with respect to the medium which implies that p → 0. In this limit the constraint 0 < ω < p 2 also forces ω to approach zero. However the above integral becomes increasingly large as p → 0 such that the integrated quantity of S ρ (ω, p) within the phase space for ω remains finite. Thus we first integrate over this region with p finite and then take the limit p → 0.
Thus let
effectively becomes a delta function. Thus the spectral density reduces to
We also note that there arises no ambiguity from the pion form factor as G π (p = 0) = 1. Now the integral I can be written as
We change the integration variables [25] by putting ω = | p|λ and x = 1 +
. Hence the spectral density function can be written as
In the limit of | p| → 0, we may Taylor expand the difference of the distribution functions in the square bracket of eq.(A11) and have
Substituting back in eq. (A11)and performing an integration by parts for dλ integration we have I = 1 2π
In the limit of vanishing pion mas we have I = 2πT 2 /9 so that S ρ = T 2 /9. 
